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ABSTRACT

The utilization of minerals indigenous to the moon offers potential
advantages to the space exploration program. Some laboratory experimental
results are presented which pertain to the problems associated with the operation
of a mine on the surface of the moon. Several surface mining techniques are
discussed along with an estimate of the cost relative to the alternative of trans-

porting the required products from the earth,
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TECHNICAL MEMORANDUM X-53560

PROBLEMS AND TECHNIQUES OF LUNAR SURFACE MINING

SUMMARY

The feasibility of mining on the moon depends upon many factors, some
of which cannot be well defined at this time. The two largest uncertainties are
(a) the availability of quantities of desirable native materials which could be
used for the production of fuel components and water, and (b) the magnitude of
the lunar and planetary program which will determine the extent to which lunar
resources will be used or needed.

Laboratory experiments and test programs have indicated that the
physical characteristics of lunar surface materials may differ in several re- .
spects from those of terrestrial rocks and soils. The vacuum environment has
been shown to have a pronounced effect upon porosity, bearing strength, adhe-
sion, and the frictional characteristics of simulated lunar surface materials.

Studies have been made of several surface mining methods which could
be adapted for use on the moon, The requirements for power, manpower, and
ore production were considered in rejecting certain systems commonly used on
earth, Crew safety, weight and delivery costs, simplicity of operation, and
mine operations were other factors which further restricted the remaining
systems to the ones presented,

These preliminary experiments, studies, and tests have indicated that
surface mining on the moon may be advantageous if this nation's space program
becomes large enough to require extensive lunar exploration or planetary ex-
ploration from a lunar base or colony.

INTRODUCTION

There are many potential advantages in the use of indigenous minerals
in connection with the space exploration program over the alternative of trans-
porting everything from the earth.




The safety and flexibility of lunar colonies and expeditions will be greatly
enhanced by availability of lunar sources of supply. If return fuel and oxidizer
are available on the moon, colonies will no longer be dependent solely upon rigid
adherence to flight schedules from earth. In the event of a lunar plant or supply
breakdown, fuel and oxygen can be supplied from the earth; if there are earth
launch failures or delays, local supplies will insure that the colony is not en-
dangered. If indigenous fuel materials are not available, a long-term supply
from earth may be required for lunar storage.

The technological requirements for establishment of mining and process-
ing facilities on the moon will not only tax man's ingenuity to the utmost but,
just as is true of all the space programs, will produce an abundance of scientific
data for the benefit of present technology and the advanced technologies required
for later and longer-~term expeditions to Mars and to other planets of the inner
solar system,

The use of lunar resources, if they exist, will increase man's under-
standing of the geology and structure of the moon. The exploration for the
mining of minerals should add significantly to the detailed knowledge to be
gained from Apollo and post-Apollo scientific expeditions.

The effects of vacuum conditioning on granular rock materials are being
investigated in the Research Projects Laboratory of MSFC. Some results of
experiments are presented in this paper which concern the effects of grain
packing factors, shape and size characteristics, and their surface roughness,
Presented also are some results from certain atmospheric and vacuum exper-
iments to determine the change in coefficient of friction between metals and
rock material, This is related directly to the experiments on the adhesive
properties and bearing strengths of such material in a vacuum environment,
These experiments and studies are providing a better understanding of the mech-
anical properties of the material expected to be present on the surface of the
moon, Results from these and other experiments are necessary for the proper
design of lunar mining systems.

This report is an evaluation of the present problems and possible tech-
niques to be encountered on the moon for surface mining of water deposits, An
estimate of relative costs of several mining systems is made,

Finally, if it is found that indigenous lunar resources can compete
economically with the same or similar materials transported from the earth,
they will be utilized, If, however, this cannot be shown, the chances for the




mining and use of these materials, even if deposits are present, are not probable
and must await changes in supplies and economic position of earth materials,

FACTORS AFFECTING LUNAR SURFACE MINING
Environment

i, Vacuum. The most pronounced effect upon lunar surface operations
will be the extremely low pressure and the physical effects associated with or
caused by this near-vacuum atmosphere, Any surface mining operation will
involve the suited astronaut working in this environment,

The maximum atmospheric density is known to be less than 107° that of
the earth's atmosphere at sea level [1], Estimates of the lunar surface pres-
sure range from 1,3 x 10-10 N/m? to below 1.3 x 1012 N/m? (1 x 10-12 - ,
1x 1014 Torr). J. de Wys [2] cites the work of Elsmore with the Crab Nebula
occultation and states that the lunar atmospheric density is 10-13 that of the
earth,

Some of the probable atmospheric constituents include water, carbon
dioxide, and hydrogen. Carbon has been identified by Kosyrev from spectro-
grams of the crater Alphonsus [2].

As will be discussed later, the vacuum environment will probably impose
severe constraints on the design of systems and equipment to be used in mining.
The frictional and adhesive characteristics of lunar material will affect the
power requirements of mining systems and ore transportation equipment.
Lubrication of machinery, rock breakage and removal, and the stability of
artificial slopes are all affected by the vacuum environment, The problem of
lubricating bearing surfaces exposed to vacuum is well recognized. Slope
stability is indicated by a material's angle of repose. The mine face or over-
burden slope should be more stable than the same slope angle on earth since
the factors of vacuum adhesion, lunar gravity, and extreme part1cle roughness
favor greater stability [3].

The astronaut must be protected, both from the hostile native environ-
ment and from the induced hazards associated with mining, such as machinery,
blasting, rock falls, etc. Protection from mining hazards must be accomplished
not only with the suit, but through proper design of equipment, techniques, and



procedures to insure astronaut safety while he is performing the necessary
related tasks. If the mining operation is large enough to require large mobile
equipment, pressurized astronaut compartments will be required. The danger
from rock debris is too great to allow the astronaut to be in an exposed location
without protection while mining operations are in progress. If the lunar surface
program is extensive enough to require a mining operation, even on a limited
scale, subsurface shelters should be available to give protection during rock
blasting or other high-hazard periods.

2. Thermal. The maximum and minimum observed infrared brightness
temperatures of the lunar surface have been 400°K and 70°K while 220°K has
been estimated at a depth below which diurnal solar heating is negligible [4].
Aside from the more obvious problems associated with the astronaut and his
equipment, the thermal environment could impose some unusual mining prob-
lems. Assume the ore is covered by an overburned which has been stripped of
its water to some depth by the interaction of vacuum, temperature fluctuations,
solar wind, etc. The ore may be turned into overburden by exposure to these
environmental conditions; this may require that the actual working face of the
open pit be covered or otherwise protected. The depth to which ore could be
turned into overburden would depend upon the extent to which the particular rock
is susceptible to outgassing. Mining performed at night or in permanently shaded
areas may reduce the gaseous emissions from the rock and allow an ore of
higher water content to be extracted.

3. Solar Wind and Cosmic Debris. The lack of any appreciable atmos-
phere allows the alpha particles and protons of the solar wind to strike the lunar
surface with full force. Infrared and ultraviolet radiation is more intense than
here on earth, Whatever hard shelters are provided for vacuum and thermal
protection should be adequate for the solar wind except during periods of high
solar flare activity. No unique problems are expected with mining systems or
operations because of the solar wind, Interruptions from time to time for per-
sonnel protection during flares may be an exception,

The high speed collision of meteoroids and micrometeoroids with the
surface could be a real danger to the astronauts and to the surface-mounted
equipment, The magnitude of the danger has not been fully determined primarily
because the frequency, velocity, and mass of these impacting materials are not
known, The particle sizes range upward from micron or submicron size to
perhaps many meters, while their velocities could vary from 10 to 72 kilometers
per second [5]. Estimates have been made [6] that the chances of a one-gram
particle hitting an astronaut on the lunar surface are less than one in 3 x 1ol




earth days. A strong erosional process could result from the impact of much
smaller particles. It has been estimated [7] that an area of 1 to 10? square
centimeters of the moon is struck each second by a particle weighing more than
10-1% grams. The resulting erosion, either of native material or exposed
equipment and structures, would be a product of this '"lunar weather,' This
would give the appearance of a finely etched surface and would not be of major
consequence except for unprotected optical surfaces or precision machined parts
of machinery,

4. Lunar Gravity. Acceleration due to gravity on the moon is about
1.62 to 1.63 meters per second squared, or approximately 1/6 that of the earth,
The earth's variable tidal attraction on the moon reduces the lunar gravity on
the near side by 3 x 107° meters per second squared and increases it by the same
amount on the far side. Lunar mining equipment would be designed for the mean
gravity, as any anomalies should not be large enough to affect power requirements
or load handling capabilities.

Lunar mining techniques will probably be modifications of conventional
methods, The lower lunar gravity will allow increased drawbar pull and de-~
creased rolling resistance of mobile equipment such as ore loaders, trans-
porters, and other rolling machinery.

5. Vibration and Shock, Seismic activity would result from moonquakes
and meteorite impacts or explosive shock caused by scientific experiments per-
formed by the astronauts. Quakes and the shocks of impacts are potentially
troublesome for mining operations. The stability of foundations, mine working
faces, overburden slopes, and process equipment could be modified or destroyed.
The magnitude of the forces involved must be determined from seismological data
gathered from the moon.

Surface Structure and Strength

1. Texture, Photographic evidence from Surveyor I, the Ranger series
spacecraft, and terrestrial observations is beginning to give a better under-
standing of the surface of the moon. Admittedly, Surveyor I data do not answer
the question of the entire surface, but do give a view of one local area,

Earlier estimates of a rubble surface texture [3] are supported by the
Surveyor pictures, The surface material is fragmented, porous, and partly
smoothed by some process. The granular soil-like material shown on the
photographs appears to range from fine grain to coarse. Some results of a



preliminary analysis [8] are shown in Figure 1 as the cumulative frequency
distribution of particles on the lunar surface. The material disturbed by the
footpad of the spacecraft exhibits a more coarse texture than the undisturbed
material. The more coarse disturbed material may be agglomerates of finer
material, This indicates that the granular portions of the surface have a dis-
tinct amount of cohesion, It is, in some respects, qualitatively similar to a
damp, fine-grain soil on earth,

The photographs show the surface to be littered with coarse blocks and
fragments. The distribution of the larger blocks appears to be fairly random,
but local concentrations can be seen on the flanks of recognizable craters.

Most of these blocks are probably debris from within the crater and are thought
to consist of relatively strong rock [8].

The implication from the Surveyor I data is that relatively solid rock lies
beneath the surface rubble. This is the potential ore from which water could be
extracted to support extensive lunar exploration, If the depth of rubble is not
too great, surface stripping would not be as difficult as opening an underground
mine and could be done with fewer men and less equipment.

2. Strength, There are indications [8] that this surface has a static
bearing capacity on the order of 4 x 10° dynes per square centimeter or 5 pounds
per square inch, A man who weighs about 80 kilograms (180 pounds) would exert
a pressure, while standing, of about 2.1 x 10° dynes per square centimeter or
3 pounds per square inch here on earth. If this strength increases with depth,
which is reasonable to assume, stable support foundations can be constructed.
Considering the small depth to which the footpads penetrated the surface material,
vehicle sinkage and rolling resistance should not be a significant problem.

However, other areas could have quite different surface characteristics
and engineering properties. If some erosional and transportation process has
been operating on the moon, there could be areas of local deposition of material
which are supported by an openly dendritic structure, I such a soil profile
exists, its strength could be so low as to preclude normal surface operations.
This soil structure need not be composed of dust or micron-sized particles to
have this characteristic if the vacuum adhesion or cohesive tendency is strong
enough to bond individual pieces as they are deposited. If such areas do exist,
it is expected that they would be local in nature and not abundant.
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FIGURE 1. CUMULATIVE FREQUENCY DISTRIBUTION OF PARTICLES
ON THE LUNAR SURFACE [8]

Material Behavior in Vacuum

The behavior of material in a lunar environment is of interest to
designers of lunar equipment and planners of lunar missions. This is of




particular interest to mining engineers because of the necessity to handle and
transport mass quantities of surface and subsurface material, There are many
methods of mining which could be used on the lunar surface. Some of these are
discussed in detail later in this paper. The method of mining selected for use
on the lunar surface will be determined after a large number of variables have
been evaluated. Some of these will be equipment weight, power requirements,
astronaut participation, lunar surface and subsurface composition and the effect
of the lunar environment on the properties of these materials.

There is a large effort being put forth by a number of scientists to eval-
uate the effect of a lunar environment on the physical and mechanical properties
of simulated lunar materials, The program is complicated because of the large
number of variables to be considered and tests often necessary to establish
reliability in the observed results. Ultra high vacuum is probably the most
influencing parameter of the lunar environment on the mechanical characteristics
of rock material, Consequently this is usually the first variable to be studied in
the laboratory and appears to be of major importance in lunar mining problems,

Vacuum technology today will allow experiments to be made at a pressure
of 10-? Newtons per square meter (10-Y torr) if caution is used and small amounts
of test apparatus and sample are admitted to the vacuum chamber. Much of the
data available today in the literature was taken at pressures of 10-% to 10-8
Newtons per square meter (10~% to 10-8 torr) and can be used to give indications
as to the effect of vacuum on the mechanical properties of simulated lunar ma-
terials. However, caution should be exercised in extrapolating this to the lunar
vacuum,

Of particular interest to those concerned with lunar surface mining is the
effect of the vacuum on the coefficient of friction between engineering materials
and the lunar surface material, Also of importance is the possibility of lunar
surface material adhering to engineering materials with which it comes in contact
when disturbed by operations on the lunar surface. These two problems are being
studied and a detailed discussion follows,

1, Friction. The effect of a vacuum environment on the coefficient of
friction of two metal surfaces has been studied in detail, However, despite this
widespread interest in metals, very little study has been directed toward the
coefficient of friction of metals on simulated lunar materials.

Some studies have been made to determine friction and wear of various
combinations of aluminum, steel, basalt, and rhyolite slabs at ambient pressure,
in an argon atmosphere, and at a vacuum level of 10-7 Newtons per square
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meter (10~? torr) [9]. This study was oriented toward the wear portion of the
program. The coefficient of friction was studied as a function of speed, load,
and pressure. Figure 2 [9] shows how the coefficient of friction varied with
load, generally decreasing as the load increased, for aluminum on aluminum
and aluminum on basalt. The coefficient of friction was larger in vacuum than
in atmosphere in each test regardless of the load applied.
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FIGURE 2. COEFFICIENT OF FRICTION VERSUS LOAD [ 9]

An experimental program is currently in progress to study the effect of
vacuum on the coefficient of friction of metals on granular nonmetallic materials,
The metallic materials are aluminum 7075, steel AISI-1020, and 321 stainless
steel. The nonmetallic materials are quartz and basalt in the size ranges 37
to 44 microns and 250 to 500 microns in diameter. Selected tests are also
performed on a 50 percent mixture (by volume) of these sizes,

Initially, tests were performed with both aluminum and steel on the
granular size classifications above. These tests were performed at atmospheric
pressure and in an oil diffusion pumped vacuum system at 1074 to 10-% Newtons
per square meter (10~ to 10-7 torr). The vacuum system contained a liquid
nitrogen-cooled baffle between the pump and chamber to inhibit the migration
of oil into the chamber,

The coefficient of friction is higher in vacuum than in atmosphere for
all tests completed during this phase of the program. However, there are



many variables which influence the measured values.

Some of these cause an

increase while others cause a decrease in the measured coefficient of friction.

Tests were made in vacuum at a temperature of 160°C. The coefficient
of friction was lower than that in identical tests at ambient temperature but
higher than in atmospheric tests at ambient temperature.
pected because as the sample is heated, gas molecules are driven out, resulting
in a higher net pressure at the surface of the sample than would be measured at

some other location inside the chamber,

This would be ex-

Also, the measured value for the

coefficient of friction is a function of the surface roughness of the metallic

sample,

In some tests the same metallic sample was used in pre-vacuum,

vacuum and post-vacuum, In all cases, the post-vacuum results were higher
than pre-vacuum, with the vacuum results higher than either,

The values obtained in this phase of the program are given in Table I

[10].
TABLE I, COEFTFICIENT OF FRICTION FOR METALLIC
AND NONMETALLIC MATERIALS
Quartz Basalt
37 to 44| 250 to 500u | Mixture| 37 to 44u | 250 to 500y | Mixture

Steel
AISI-1020

ATM 0.21 0,09 - 0.28 0.15 -

VAC 0.29 0.16 - 0,62 0.29 -
Aluminum
7075

ATM 0.23 0.18 0.25 0.31 0.21 0.22

VAC 0.34 0,58 0.39 0,41 0.24 0.26

In an effort to evaluate the results listed in Table I and to determine the
single effect of vacuum on the coefficient of friction, a series of tests was per-

formed using aluminum 7075 on quartz 250 to 500 microns in diameter.

The

oil diffusion pump was replaced by an ion pump to prevent the possibility of
coating the surfaces with oil,
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In this phase the coefficient of friction obtained in atmosphere was 0, 15
compared to 0. 18 in the previous phase. The value obtained in a vacuum of
10~° Newtons per square meter (10-7 torr) was 0,30 compared to 0.58 in the
previous phase. This value of 0,30 is little more than half the previous value
of 0. 58, and it appears that the results in Table I are high for the vacuum
because the metal sample was used in atmospheric tests prior to the vacuum
tests, However, the values of Table I can be taken as upper limits for the
vacuum tests,

Another series of tests was performed using 321 stainless steel on the
coarse quartz at a vacuum of 10-% Newtons per square meter (10"7 torr). The
coefficient of friction was determined to be 0, 15 at ambient temperature and
decreased to 0,14 with an increase in temperature to 150°C.

In tests using metallic hemispheres in contact with basalt and quartzite
solids, the coefficient of friction increases from atmosphere to a moderate
vacuum of 104 to 10~% Newtons per square meter (10‘6 to 10-8 torr) [11].- The
coefficient of friction on quartz increased from 0.19 to 0, 29 for steel AISI-1020,
and from 0, 16 to 0, 25 for aluminum 7075, Likewise, for basalt the coefficient
of friction increased from 0. 14 to 0.28 for steel AISI-1020 and from 0, 21 to
0. 28 for aluminum,

Experimental results have shown that the increase in moderate vacuum
of the coefficient of friction between engineering materials and nonmetallic
materials is not severe. Unfortunately, these results cannot be extrapolated
with any confidence to a lunar vacuum. However, one can be certain that as the
vacuum increases, the coefficient of friction will increase.

2. Adhesion, There is general agreement that a layer of dust is present
on the lunar surface., However, the thickness of this layer has not been estab-
lished; estimates range from kilometers [12] to a few millimeters [13]. Like-
wise, there are two primary hypotheses of the origin of the lunar craters - impact
and volcanic. Either origin would result in the deposit of some fine granular
material on the lunar surface and, in fact, both mechanisms have probably been
active on the moon,

The very high quality photographs of the moon taken by Rangers VII,

VIII, and IX and more recently by Surveyor I (Fig. 3) leave little doubt that at
least some areas of the moon are covered by granular material.,
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FIGURE 3. SURVEYOR I SPACECRAFT FOOTPAD

The presence of a fine layer of dust on the surface of the moon could
be an obstacle to mining operations, affecting man, vehicles, and machinery.
The degree to which it will be an obstacle depends primarily upon its mechanical
properties. Recent experiments indicate that the mechanical properties of a
granular material in a lunar vacuum will be dominated by cold welding of the
material,

Single crystal minerals have been contacted in a vacuum of 10~% Newtons
per square meter (10-10 torr) [14]). Some of the tests were made with crystals
cleaved in air, while others were made with crystals cleaved in vacuum. The
crystals cleaved in air exhibited adhesive forces up to about 0.4 gram while the
crystals cleaved in vacuum have had forces of a magnitude larger. Fine pow-
dered rock including chondrite, tektite, obsidian, basalt, andesite, dunite, and
pyroxenite was sieved in a vacuum and adhered to the sample holder and wires
leading to the apparatus [15]. Samples of fine powdered basalt and slightly
larger aluminum powder were shown to adhere at a vacuum of 108 Newtons

per square meter (1071 torr); however, the basalt tests were not always
repeatable [16].

12




Experiments have been conducted using basalt, pumice, crushed glass,
and glass spheres to determine the adhesive forces in an oil-free vacuum as
high as 109 Newtons per square meter (10-11 torr). The test apparatus con-
sisted of a 304 stainless steel drum, a variable speed motor, and a magnetic
rotary seal. The drum was 25 centimeters long and 15 centimeters in diameter.
The drum contained 4 slats 1,3 centimeters high extending the length of the drum.
One end of the drum is closed by a plate containing 4 ports of fine mesh wire to
allow gas to escape., The other end is closed by a glass window to allow viewing
of the sample while the experiment is in progress.

The results will be discussed briefly here and are given in detail by Fields [ 17].
Basalt (180 grams) in size ranges 10 to 20, 20 to 37, and 37 to 62 microns in
diameter was tumbled at 1 RPM until 100 percent adhesion occurred. With
each sample, adhesion began immediately with rotation of the drum and 100
percent adhesion occurred in 15 minutes for the two smaller sizes, and in a
slightly longer time for the larger size. Figure 4 shows the drum with basalt
immediately after bringing the sample to atmospheric pressure with dry nitrogen.

The initial pumice tests indicated very weak adhesive forces with about
20 percent of 180 grams adhering after rotating 24 hours. However, later tests
have indicated that this is a gas emission problem. If the pumice is exposed
to vacuum of approximately 2 weeks instead of 3 days, the adhesive forces are
considerably stronger.

Samples of identical composition but different shape characteristics
were studied to determine the effect of surface configuration on the adhesive
forces. Crushed glass and glass spheres were each tested in the size range 20
to 37 microns. Approximately 99 percent of the crushed glass adhered after
30 minutes with no further increase after 24 hours. Approximately 30 percent
of the glass spheres adhered after 24 hours.

Mineral Deposits

Just as fundamental as lunar surface and environmental problems are
those of the kind, grade, extent, structure, and location of the deposits that
may contain water or other useful minerals. At this point we have no direct
evidence of the presence of mineral deposits at all. The presence of water or
any other mineral deposit must be inferred at the present time and inferences
must, in turn, depend upon assumptions regarding lunar origin, thermal history,
chemical composition, and extent of near-surface chemical differentiation, No
attempt will be made to explore here the many possibilities that have been
suggested and reported.

13
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FIGURE 4. BASALT ADHERED TO STAINLESS STEEL DRUM IMMEDIATELY
AFTER RELEASE TO ATMOSPHERE PRESSURE

At the present time, when considering mining problems and techniques,
it will be necessary to cover the entire range of possible chemical differentiation
of the lunar crust. In a previous report [6] twelve deposit models were examined.
They ranged from strictly impact origin to both intrusive and extrusive volcanic
models. Ten of them were taken from the work of Salisbury [18, 19] and of
Westhusing and Crowe [20]. Nine of the twelve models are associated with the
lunar maria. Of the nine, four imply that the maria consist of bedded tuff
layers, three that they are filled with successive lava flows, and two could be
interpreted as a filling from one thick lava outpouring. One lunar upland model
consists of a single rubble blanket over granodiorite, a second, of interbedded,
lenticular rubble layers over granodiorite, and a third, a rubble layer alone,
with imbedded serpentine houlders.

14
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If lunar mineral deposits occur in the form of local mineral enrichments,
as do earth deposits, a program for their discovery, evaluation, and exploitation
will be necessary. If they can be associated early with surface features (maria
edges, crater bottoms, crater rims, lunar domes) or with visible or hidden
structural features (fracture systems, fluid vents, etc.) or if they are found to
occur in groups or geographic districts, as on earth, the problem of discovery
and evaluation will be greatly simplified. Unless concentration does occur to
some extent, drilling or other exploration to evaluate the deposit will be useless
and mining will become merely the random removal of country rock.

Water occurring in free form should be more economical to mine and
process than chemically combined water. If free water occupies pores, shear
zones or small fractures in hard or tough rock, mining it will be almost as
difficult as for hydrous minerals in similar rock. Permafrost zones in tuff and
similar free water deposits should be much less difficult to mine,

In free water deposits, ice may be accompanied by other frozen volatiles.

Some of these may introduce problems of corrosion of mining equipment, For
example, if titanium alloys are used in the construction of lightweight equipment
and chlorine were present with the ice, severe damage to the titanium parts
could occur. Although chlorine attacks titanium very slowly when wet, dry
chlorine gas (less than 0.5 percent water) '"may react at room temperature, "
according to one source [21], while another reference [22] states "rapid attack,
ignited and burned" (less than 0,1 percent water at 30°C). In any mixture of
chlorine and water, the evaporating chlorine would likely be dry because the
boiling point of chlorine at 1 atmospheric pressure is -34, 6°C, and the vapor
pressure of water at that temperature is only a little more than 0.1 millimeter
of mercury, '

Some other corrosive substances are bromine, ammonia and steam,
calcium chloride, chlorine trifluoride, fluoboric acid, fluorine, flurosilic acid,
hydrochloric acid (concentrated), hydrofluoric acid, mercury (371*C), phos-
phoric acid (boiling, concentrated), potassium hydroxide, sodium bifluoride and

sulfuric acid (less than room temperature) [21]. Most of these substances attack

titanium only at moderate rates. In general, titanium and its alloys may be
attacked if the lunar chemistry proves to be strongly reducing. 'Titanium pro-
vides excellent resistance to general and localized attack under most oxidizing,
neutral and inhibited reducing conditions. It also remains passive under mildly
reducing condition, although it may be attacked by strongly reducing or com-
plexing media' [21].
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Other surface mining problems may be related to the lunar day and
mineral deposit location. It will be assumed that all early lunar landings and
activities, except possibly lunar exploration, will be limited to the landing belt,
10 degrees on either side of the lunar equator. Here, a surface mine for ap-
proximately half the lunar day would be subjected to the direct rays of the sun
with results noted above, if the ore is free water. Ores consisting of hydrous
minerals should not be affected, '

For surface mining operations, however, there would be certain advan-
tages to night operation, independent of ore composition. Some of the advantages
of night-time operations will be: (a) uniformly low temperature conditions,

(b) uniform lighting from the earth, (c) absence of solar wind, (d) possible
absence or reduction of rarified ionized gases of the thin lunar atmosphere,
(e) possible absence or reduction of a postulated surface electric charge,

(f) no cooling needed for space suits and/or machine cabs or structures, and
(g) better heat dissipation from bearings, motors, ete,

Possible disadvantages of night operation are: (a) the necessity to
provide artificial lighting, at least part of the time, (b) the high heating load
for space suits, cabs, and structures, (objectionable only if primary power is
solar and battery storage is required for night operation), and (c) the increase
in freezing of working fluids, if any are used.

Equipment Problems

Many problems will be encountered in the selection and design of lunar
mining equipment, The first automobile resembled a buggy, so it is quite
likely that the first lunar mining equipment will be earth models, modified for
the lunar environment and mining conditions., This is one assumption on which
the present work on mining systems is based. After some lunar mining experi-
ence, undoubtedly original and different equipment designs will be developed.
If lunar mining is preceeded by a considerable period of lunar exploration, there
will be opportunity for new designs to be applied to transportation vehicles and
methods and to drilling techniques. Any underground shelter construction
activities, prior to mining, would also give some experience in problems of
fragmentation, digging, loading, and limited-scale excavation. These activities
may, however, resemble underground mining more than surface methods.

Problems considered to date may be classified as (a) power supply;
(b) mode of traction for moving equipment; (c) equipment control methods;
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(d) materials for equipment construction and (e) secondary or service materials,
such as for ballast or counterweights, maintenance facilities, roads, bins,
crusher foundations, control systems and power distribution systems.

1. Power Supply. Although no fundamental studies of types of equipment
power have been made, it is assumed that alternating current electrical power
will be used. Most small surface mining equipment on earth has gasoline or
diesel engines, while larger shovels and draglines depend upon diesel-electric
or electric power. No great trouble is anticipated in substituting electric motors
for diesel engines in small equipment. One manufacturer of bulldozers and
loaders writes: ''Successful conversions from diesel engines to electric motors
have been made in some underground mines in this country and abroad.'! Evi-
dently, this conversion was applied to bulldozers or loaders manufactured for
diesel engines and substitution should be much easier at the time of manufacture
and assembly. Substitution of electric motors for diesel or gasoline engines
should result in a net weight reduction.

Electrical energy may be generated centrally and distributed by lines to
stationary installations or through trailing cables to moving equipment. If fuel
cells or other compact generation equipment is used, cell and motors may be
individual for each piece of equipment. Detailed consideration of these problems
is beyond the scope of this paper,

2. Mode of Traction for Moving Equipment. Present small equipment
moves on treads or on wheels, usually rubber-tired. Larger shovels and drag-
lines are crawlers or walkers, Mitchum [23] concluded that tracked vehicles
are less efficient than wheeled ones, They are heavier and less reliable and
their only superiority, which is slight, is in soft, dry granular material. It is
assumed that tracked vehicles will be used for mining equipment, because (1)
Surveyor I photographs indicate the probable presence of such material; (2)
wheels must be rather large to cross cracks easily negotiated by equal-sized
crawler vehicles; and (3) the practicability of lunar use of pneumatic tires is
questionable,

3. Equipment Control Methods. Mining equipment may conceivably be
controlled by: (1) an operator in a space suit, much as in operations on earth,
a method probably practical only for lunar night work; (2) an operator in an
enclosed, earth-environment cab mounted on each piece of equipment, whether

Mr. w. 0. Mooney, Caterpillar Tractor Co., personal communication.
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bulldozer, loader, shovel, or dragline; (3) remote, automatic controls from an
earth-environment shelter especially erected at the mine or from the crew living
shelter which may or may not be located at the mine; or (4) remote, automatic
control from the earth. The last two control methods probably will require con-
tinuous television viewing,

At least one mining system using central control at the mine and a
number of others using either of the first two methods will be considered. The
necessity to study the first two in detail has been eliminated by limiting our
study to lunar night work. Neglected also are real ''remote'" control systems,

It is readily acknowledged that systems (1) and (2) will use more lunar-
based labor than will the others and that this large cost item may constitute its
greatest handicap.

4, DMaterials for Equipment Construction. Excavating equipment is
constructed almost entirely of steel and cast iron. Since transportation of
equipment from earth to moon probably will be the greatest single charge against
the utilization of indigeneous lunar resources [ 24] , somes way must be found to
reduce weight without impairing the usefulness of the equipment,

Large draglines, and perhaps some shovels, make some use of aluminum,
especially in booms. One manufacturer writes of a particular model: "We
might also add that the 120-foot boom consists of 45-foot steel butt, 38-foot
aluminum insert and 37-foot aluminum top. "' Thus, 75 feet of the boom length
was made of aluminum, It weighed 8780 pounds, which is probably far less than
equivalent steel parts would weigh. Cabs and other parts normally subjected to
comparatively low stresses may also utilize aluminum.

Parts of machines carrying maximum stresses often cannot be made of
aluminum or magnesium. Many of these, however, may be replaced by titanium
or titanium alloys. Beryllium alloys are also a possibility. One manufacturer
[25] reports yield strengths of 9,99 x 10® Newtons per square meter (145,000
pounds per square inch) for Ti-6Al-4V alloy sheet and plate, and 10.07 x 108
to 11. 31 x 10® Newtons per square meter (146,000 to 164,000 pounds per square
inch) for extruded shapes. This compares with about 6,89 x 108 Newtons per
square meter (100,000 pounds per square inch) for heat-treated constructional
steels [26]. Titanium may not be so desirable with regard to some other pro-
perties, but it is said to have superior strength-to-weight ratios, excellent .

IMr. J. T. Kaminski, Manitowoc Engineering Co., personal communication.
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elevated temperature performance, good corrosion resistance and unusual
erosion resistance [27]. Nothing was found in manufacturers' data on proper-
ties at low temperatures like those of the lunar night, but the mean thermal
coefficient of expansion (32° to 212° F) is 4.9 x 10-% F (8.82 x 1078 K) for
Ti-6A1-4V alloy [21] as compared to about 7 x 10-%¢ F (12.60 x 10-% K) for
0. 2C steel; thus, titanium should not be as strongly stressed by rapid temper-
ature changes as is steel,

Densities are approximately 1,74 grams per cubic centimeter for mag-
nesium; 2, 70 grams per cubic centimeter for aluminum; 4.5 grams per cubic
centimeter for titanium; 7,85 grams per cubic centimeter for steel; and 4,43
grams per cubic centimeter for the alloy Ti-6Al-4V.

One manufacturer! lists weights of five bulldozers, three crawler loaders,
and one wheeled loader with the weights of steel used in their construction. The
bulldozers averaged 88 percent steel, the loaders 89. 4 percent, and the wheel
loader, 91.3 percent. All steel can hardly be replaced by titanium or aluminum,
Titanium, for example, probably does not have the wear resistance of the steel
used for bulldozer blade cutting edges, although one manufacturer says ".,titan-
ium has been successfully flame-plated with tungsten by the Linde process, "2
a treatment that should make it much more abrasion-resistant. The weights
of earth-designed equipment will be estimated if Ti-6Al1-4V alloy is substituted
for much of the steel and if electric motors are substituted for diesels. The
latter substitution may not bring any real weight redaction if heat-dissipation radi-
ators have to be added to electric motors., These probably would be made largely
of aluminum, and it is doubtful if the heat-dissipation systems for electric motors
would weigh as much as the brass cooling radiators of gasoline and diesel motors.
Also, if fuel cells or batteries must be added to the electric motors, there may
even be some increase in weight over diesel engines., Trailing cables will add
weight for this method of electric power distribution.

It must be remembered that lifting, but not necessarily scraping or
loading of soil or broken rock on the lunar surface, should require only one-sixth
the power required for the same volume lifted on the earth. Thus, the power
required for equivalent volumetric performance of equipment may well be much
less on the moon than on earth, If lunar materials are also of lower density than
earth materials, even less power will be required.

Mr. L. J. Hill, Allis-Chalmers Manufacturing Co.

?Mr. G. H. Hille, Reactive Metals, Inc.
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5. Secondary or Service Material. The final category of secondary
or service materials is not discussed in this paper except as follows: There is
every reason to believe that there should be on or near the lunar surface a con-
siderable accumulation of meteoritic nickel-iron. Whether it occurs in discrete,
large or small masses, or as condensed vapor from the heat of impact, dis-
persed throughout the lunar soil is not known. I it can be collected, it should
be ideal for ballast or counterweight in construction equipment needing such
material, A given volume of it, of equivalent density, should be six times as
effective for this use as the same volume would be on earth, Some large equip-
ment manufacturers do not ship ballast, but at the time of equipment erection
it is provided locally from scrap iron or concrete, If counterweights must be
monolitic, small meteorite iron masses in concrete would be ideal. Green [28]
has suggested cast basalt as a possible concrete substitute,

The second comment is prompted by the necessity for an ore chute or
bin as the minimum auxiliary facility required at a mine. If mining and haulage
can be combined in one operation, such as with a scraper-loader, the bin or
chute could be placed at the processing plant and ore hauled there directly. If
ore is loaded into vehicles (trucks) by a front-end loader, shovel, or dragline,
or if it is merely stockpiled at the mine and loaded and shipped later, no chute
or bin may be required. As will be seen later, however, any scraper mining
system or any automatic control system will require some kind of chutes or bins,
If the ore is to be crushed at the mine, at least a chute and a foundation will be
required. As will be shown in illustrations following, it is proposed that metal
posts be used for such structures. In earth soil, these could be placed by a
piledriver; this would be possible also in the lunar soil shown in Surveyor I
photographs provided it is deep enough and there are no large boulders, meteo-
rites, iron masses, etc., to prevent driving. If these conditions or solid rock
exist, posts could still be placed in drilled holes.

TECHNIQUES
Mining Systems

After learning something specific about the occurrence of lunar minerals
and certainly after some mining experience, surface mining systems may be
developed which are entirely unlike any now used on earth. Until that time,
however, little can be done except to apply variations of earth methods which
seem suitable to current concepts regarding lunar mineral deposits.
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High unit costs and limited water demand for fuel or other purposes
will require that early lunar water mining be simple, on a small scale and at a
cost equal to or lower than that of transporting water from the earth, If acces-
sible supplies of ice can be found in caverns, lava tunnels, etc., near the lunar
equator, no water will be mined, in the usual sense, but it will merely be
"harvested.! If, however, water is found only under the lunar surface, at
depths too great to be affected by the lunar diurnal temperature cycle, mining
logically can be contemplated. As the demand for water, oxygen and hydrogen
for lunar colonies and for fuels increases, it is reasonable to expect the size
and sophistication of mining operations also to increase,

Virtually nothing has been published on "conventional' mining methods
applicable to lunar conditions. Heyward [29] has discussed the general problem,
pointing out the separate functions involved in mining and processing indigenous
lunar resources: rock-breaking, loading, size reduction, transportation, pro-
cessing and purification, conversion, and storage. Some work has appeared on
indirect methods of mining, similar to the Frasch process and to solution mining
[30,31], tunneling methods [32] and a general review of published work on lunar
mining [33].

The work reported here deals with the more conventional surface, strip
or open cast mining systems. Indirect systems and mining by drilling are also
conducted from the surface but involve the removal of very limited quantities
of overburden.

Systems for surface mining of water may be classified as follows:

1, Scraper methods

a. Stationary engine-operated scraper.
b. Scraper drawn by a tractor or other vehicle,
¢. Scraping ore and overburden by bulldozer.

d. Removing overburden and ore by scraper-loader,

2. Methods involving scraping of all or part of the overburden
and digging of ore or ore and part of overburden,

a. Overburden removed wholly or partly by scraper, bulldozer

or scraper-loader and ore dug and loaded by front-end loader
or hoe.
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b. Overburden, wholly or partly removed by scraping and ore
or ore and harder overburden, dug by power shovel.

c. Same methods as above except for ore removal by dragline.
d. Overburden and ore both dug and removed by shovel or dragline,

3. Methods involving fragmentation of ore and of part or all of over-
burden prior to digging and removal,

a. Overburden removed wholly or partly by scraping and ore and
part or all of overburden fragmented for removal by shovel or
dragline.

b. All ore and all overburden fragmented before removal by
shovel or dragline,

c. All ore and overburden fragmented (Digging and loading may
be done with front-end loader or hoe.)

It will be noted that the methods have been roughly arranged in order
of increasing hardness or toughness of overburden and ore. Surveyor I photos
proved that at least part of the lunar surface is covered, to an undetermined
depth, by material which probably can be scraped and removed, Under the
impact hypothesis, there must be a considerable thickness of rubble both on the
maria and terrae that may be scrapable if it contains no or few large boulders
or has not become firmly cemented in some way. If the maria are younger than
the terrae, the rubble blanket there probably is thinner. If the maria are vol-
canic tuff flows or falls, the material may be scrapable to considerable depth
unless extensively intruded by lava.

The classification of mining methods is also arranged according to
increasing size of mining equipment. Small shovels and draglines will weigh
more than bulldozers or loaders, and cable-drawn scrapers are even lighter,

Of the methods listed, only 1.a. can be made mechanically automatic or
operated by one man from a single on-site location, The other methods will
require an operator in a space suit or in a pressurized cab on each machine
or electronic controls installed in each machine and operated from a central
control tower or booth. High resolution television viewing may be required
in remote control systems if overburden and ore are difficult to distinguish,
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In the classification, it is assumed that hardness or toughness of over-
burden and ore may increase with depth and that ore will be harder than at
least a part of the overburden. This assumption appears reasonable for hydrous
mineral ores, and probably, for lean free water ores.

Definition of Model Water Deposit

Six hypothetical ore deposits have been defined for use in comparing
suitability and first order relative costs of various mining systems. Only
one basic model will be used in this paper. It will be used as two deposits with
differing depths of overburden.

1. Deposit

a, The ore is a uniform permafrost zone, 3 meters (9.84 feet)
thick, in a friable volcanic tuff (Fig. 5).

b. The zone lies at a uniform depth of 10 meters (32.8 feet) below
a generally level mare surface (similar to Surveyor I terrain), Overburden is
a dry "semiwelded" tuff with an average bulk density of 1.25 grams per cubic
centimeter (78 pounds per cubic foot).

c. The deposit location is within 10 degrees of the lunar equator.

d. The ore contains 2 per cent free water and has a bulk density,
in place, of 1.20 grams per cubic centimeter (75 pounds per cubic foot) [34].

2, Mining Schedule, One schedule suggests a lunar oxygen demand
of 4546 kilograms per month (10,000 pounds per month) or 54,552 kilograms
per year (120,000 pounds per year) by 1976 and double this quantity in 1982
[24]. The 1928 quantity will be used for estimates. It is equivalent to 122,728
kilograms (270,000 pounds) of water per year. On this basis, ore averaging
2 percent water, by weight, must be mined and processed at the rate of
6,136,367 kilograms (13,500,000 pounds) per year, if extraction is 100 percent
efficient, It shall be arbitrarily assumed that 6,818,200 kilograms (15,000,000
pounds or 7500 tons) is the basic annual quantity to be mined from either of the
above deposits.

a., Mining will be assumed to be limited to one 8-hour shift per
24 hours and to lunar night only. The lunar night is equal to 13,66 earth days
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FIGURE 5. SCHEMATIC DIAGRAM OF A PROPOSED ROPE-AND-SCRAPER
MINING SYSTEM

and there are 13,37 lunar nights per earth year, This gives 182,63 shifts per
year. For simplification of calculations, 180 shifts per year will be used, If
mining is also done during the lunar day, mining may be expanded to 360 shifts,

b. For 180 shifts, the mining rate will be 37,879 kilograms
(83, 333 pounds) ore per shift,

c. Inthe assumed deposit, the ore volume that must be mined
is 31,566 cubic meters per shift, The thickness (and volume) of overburden
to be moved is 3 1/3 times that of ore so that the volume of ore and overburden
to be moved per shift totals 136. 8 cubic meters.

d, Alternate calculations will be made for the same ore thickness
but for an overburden depth of 30 m or 10 times that of the ore thickness. This
deposit will require removal of 347, 2 cubic meters of material per 8-hour shift.

e, If a pit width of 25 meters (82 feet) is arbitrarily assumed, the
distance that the pit must be advanced, each shift, to remove 31,566 cubic
meters of ore, 3 meters high and 25 meters wide, will be only 0.42 meter. In
a year this will be only 75.6 meters or 3 times the pit width, With a low rate
of pit lengthening, haulage distances will increase only slowly. In a relatively

narrow pit, stationary scraper systems will require infrequent shifting of end
towers or pulleys,
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Mining Capacities of Some Equipment

1. Figure 5 shows a rope-and-scraper system for mining the ore zone
at either 10- or 30-meter depth. This system is similar to larger scale tower
excavators on the earth, TFigure 6 is taken from a publication advertising this
kind of system [35]. Such a system should be operable by one man from a

central booth,

TRACK CABLE

AR VAR

HOIST MAST STOCKPILE

BUCKET AND CARRIER
ASSEMBLY

FIGURE 6. SCHEMATIC DIAGRAM, SLACKLINE CABLEWAY EXCAVATOR [ 35]

The capacity of a scraper system will be determined by its rate of
transport rather than by its rate of digging. The fransport rate is a function of
scraper or bucket capacity and of the cycle frequency. Cycle frequency may
vary slightly for overburden and ore. Figure 5 shows overburden deposited on
a spoil pile with the ore dragged to a chute. The ore-to-chute distance is almost
constant and that for waste disposal gradually increases.

One manufacturer [36] advertises scrapers from 66 to 213 centimeters
(26 to 84 inches) wide. If height is 61 centimeters (24 inches) and material
piles in front of the scraper at a 45 degree angle, the two sizes can carry 0.12
and 0. 40 cubic meters (0. 16 and 0.52 cubic yards) per trip. The larger scraper
is only half the capacity of the smallest bucket used on a small-duty dragline

manufactured by one company.

Figure 5 indicates that at the stage of mining shown (Another bin must
be installed to the left of the one shown and the ramp extended to it.), the
distance of ore transport is about 30 meters. If the other bin is installed
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50 meters farther left, the distance of drag will be about 80 meters. If one
assumes an average drag distance for ore of 50 meters, and for spoil a longer
one of 70 meters, the average is about 60 meters. The lowest speed listed for
a small tractor was 1,2 miles per hour or 1.932 kilometers per hour. Adopting
this speed for dragging, recognizing that the return drag to the pit for both ore
and spoil is unproductive, and assuming that dumping time will require half the
time required for a one-way trip, the equivalent drag distance per productive
load is 150 meters, This gives 12,88 loads per hour or 103 loads per shift,
With the 66-centimeter (26-inch) scraper, this is 12, 36 cubic meters (16.21
cubic yards) with the 213-centimeter (84-inch) scraper, it is 41,20 cubic meters
(53. 56 cubic yards) per shift. Thus, neither of the scrapers has sufficient
capacity to secure the required output of 136. 8 cubic meters of material per
shift.

A scraper 213 centimeter (84 inches) wide and 76 centimeter (30 inches)
high has a capacity of 0,62 cubic meters (0.81 cubic yards) per trip or 63. 8
cubic meters (83. 4 cubic yards) per shift., Even two of these in tandem will
not mine the 10-meter overburden deposit at a sufficiently rapid rate.

If a 1. 34-cubic meters (1.75-cubic yards) dragline bucket can be used
in the place of scrapers and still attain the same dragging speeds, 138.0 cubic
meters per shift can be moved and the smaller deposit can be mined at the re-
quired rate.

A 3,37-cubic meters (4.41-cubic yards) bucket would be needed to mine
the deeper overburden deposit at the same dragging speeds.

The mechanics of operating a rope-and-scraper system with a forward
end or engine end and a tail pulley indicate that a rigid-position set-up will
make it almost impossible to run a wide pit. The scraper will be difficult to
direct to all parts of an essentially rectangular pit without frequent moves or
without use of side ropes and pulleys to guide the scraper, first to the spoil
pile and then to the ore bin. A round pit, with the head end in the center, would
require frequent moving of only the tail pulley. A narrow pit would require
frequent moves forward, Undoubtedly, this method cannot be quite as productive
as has been calculated because some allowance must be made for the time re-
quired for moves.

2. An alternative and much more flexible scraping system would be a
scraper drawn by a tractor. This method probably will require an operator in
a space suit or in a tractor cab. It should also prove the ideal method, if it
becomes necessary to mine a large number of small, scattered deposits rather
than a large one.
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The pit layout could be similar to that shown in Figure 5, but with much
more latitude as to location of spoil piles and loading chutes.

The limiting factor in material transportation capacity for this mining
method probably will be very close to that of the previous one. It is possible
that the average length of haul could be shortened and the haulage speed might
be increased by using a larger tractor than one with a 1,93 kilometers per hour
(1.2 miles per hour) speed.

3. A very similar mining method is one in which ore and overburden are
scraped by a bulldozer to loading chute or spoil pile.

A very wide variety of bulldozers are available, The limiting capacity
factor again will not be digging rate, but transporting rate. Using the assump-
tion of material piled against the blade at a 45-degree angle, Table II shows the
capacities of the smaller dozers on which information was collected. It also
shows the capacities of each at 1. 93 kilometers per hour (1.2 miles per hour)
and at the fastest low gear speed of any of the bulldozers 2.74 kilometers per
hour (1.7 miles per hour). The minimum number of bulldozers required to
handle both 10 and 30 meters of overburden, plus 3 meters of ore, at the low
speed, are also shown.

Considerably larger bulldozers are made than those listed in Table II,
but they are also much heavier. A mining installation using this system will
need a minimum of two machines in order to keep production going in case
maintenance is needed on the principal mining machine.

4, A pit layout similar to that of Figure 5 may be preserved if over-
burden and ore are dug, transported, and dumped by front-end loaders. Table
III gives data for 16 small front-end loaders. The bucket capacity (level rather
than heaped, where both are given) is the average of the range given by the
manufacturer. It is evident that for equivalent capacity, rubber tired models
are considerably lighter than crawlers. For consistency, however, only the
crawler models will be used for cost comparisons. If wheeled vehicles prove
satisfactory for haulage on the lunar surface, there exist additional possibilities
for weight reductions. Even if rubber tires prove impractical, large, light
metal wheels should prove sufficiently strong and much lighter than crawlers.

Table IHO illustrates that the small loaders move materials faster than

bulldozers —in some cases, with the same tractors. No one crawler-loader,
however, was sufficiently large to handle the 10-meter overburden deposit.
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5. Both the deposits can also be mined by shovels and draglines. Be-
cause the "reach' of each of the machines is limited and their mobility restricted,
some kind of ore haulage will be needed. To place the ore mined by shovels in
bins located as they were in the previous examples would, however, require
only very short hauls, If it is assumed that ore, regardless of the system of
mining, must be hauled one kilometer to the preparation plant, bins are un-
necessary for any of the nonscraping methods, including shovels and draglines
because the ore may simply be piled on the surface for later loading and hauling.
In this case, systems using front-end loaders, shovels and draglines will not
need to be charged with any greater haulage costs than will scraper methods,
unless elaborate preparation of the area for ore piling is needed.

Draglines have greater capability for mining below machine level than do
shovels although the latter can make '"box" or first cuts, after which all mining
can be at machine level and above in a deposit like that shown in Figure 5. The
shovel will, however, generally work in the pit bottom while the dragline can
work from the surface, With 10-meter thick overburden, all the machines
shown in Table IV should be able to mine all material in one bench, For 30-
meter overburden depth, removal in not less than two benches will be necessary.

Loads that can be picked up by draglines decrease as boom length becomes
greater. On the moon, both boom weight and equivalent volume load are less
than on earth so that boom lengths and consequently, mining depths may be corre-
spondingly greater, The same conclusions with regard to boom lengths and
mining heights should be true of shovels, but to a lesser degree.

The capacities shown in Table IV indicate that both the shallow and the
deep deposit can easily be handled by even the smallest draglines and shovels,
The larger machines have considerable excess capacities under the assumptions
made—in many cases, more than double, The No, 1 shovel and the No. 1 and
No. 8 draglines are not grossly oversized for the deposits chosen.

Fragmentation-Blasting on the Moon

The determination of the blasting pattern, the quantity of explosives,
and the detonation sequence for effective rock breakage are the main problems
that must be solved for efficient blasting of any rock material. The trial and
improvement method of developing satisfactory procedures is expensive but
feasible in earth operations; however, it would be essentially impossible for
lunar operations. In addition, there is no way of determining if a method so
developed is the most efficient or economical,
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The present state of knowledge concerning the mathematical calculation
of the explosive charge has been developed to a fairly high degree, but much
remains to be done, Most formulas to date have been based on a particular
usage, with no general formula available.

This section of the report will attempt to trace the development of
current formulas and modify them for lunar use.

1. General Case. The force generated by an explosive must break as
well as move the rock; it has to overcome the resistance against breakage and
against gravitational forces. Belidor recognized this dual resistance of rock
as early as 1725 [37,38]. He stated that one part of the charge was proportional
to the strength of the rock and the other proportional to the volume excavated.
He proposed the formula

Q =aVi+p V3, (1)
where Q = explosive charge;
V = burden (least line of resistance);
a = constant based on rock strength; and
b = constant based on gravitational force.

Because early interest centered about military applications (i.e., the
formation of craters), Belidor's work was quickly forgotten and replaced by
the classical cube-rule (proposed earlier by Vauban) which is based on the law
of conformity. Simply stated, the explosive charge is proportional to the volume
of the crater produced. The cube-rule is expressed as

Q = kv, (2)
where k = constant based on rock type.
Based on the results of extensive research since World War II, Langefors
and Kilhstrom [39] have developed the following general formula which is an
extension of Belidor's formula to include a "through' or "swell' component:

Q = k, V2 + kg V3 + kg V4 (3)

where ky, ks, and k4 are constants dependent on rock type. They additionally
reported that for ordinary bed rock, '

Q=0.01 V®+ 0.40 V3 + 0.004 V* (4)

where Q is in kilograms and V is in meters,
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A close look at equation (3) shows the following facts of interest:

(1) For small blasts (V< 1 meter) the strength of the rock is of most
importance.

(2) For relatively large high explosive blasts (1<V<10 meters) the
volume of material to be excavated is of greatest importance,

(3) For larger high explosive or nuclear blasts (V>10 meters) the
amount of throw is of considerable importance,

Kochanowsky's work [37], based on the results of numerous test blasts,
had also suggested the variability of rock resistance as related to the size of the
blast. He made the following postulations:

(1) The larger the piece of rock to be blasted, the greater the points of
weakness and, therefore, the smaller the specific strength,

(2) The larger the burden, the further the material must be thrown for
effective excavation,

These considerations explain the past failures resulting from the use of
the cube-rule to predict the results of large blasts from the analysis of small
test blasts.

The equation developed by Langefors and Kilhstrom is the general pre-
diction formula for crater blasts, and as such gives reliable results when applied
with the appropriate constants for each rock type. Assuming ordinary lunar rock
to be similar in strength and mass to earth bed rock, the prediction equation for
crater blasts can be applied to determine if high explosives could be used economically
for blasting lunar rock.
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Based on the preceding assumption, the first term of equation (4) would
remain the same, but the second and third terms would have to be modified to
account for the change in gravity. Since lunar gravity is approximately one-
sixth that of earth gravity, the second term would be 0. 07 V? and the third
0.0007 V*. This indicates a greater proportion of the explosive will be required
to break the rock in lunar operation than on earth. Rewriting the equation, we
have

QL =0.01V2+0.07V3 +0.0007V4, (5)

where QL is lunar explosive charge in kilograms,
A more meaningful comparison can be made if the equations are con-

verted to calculate the specific charge (kilogram per cubic meter). This can
be accomplished by dividing through by V3 to obtain:

0.01
q = +0.4+0. 004V (42)
q = 9%2 +0.07+0. 0007V, (5a)

where q is specific charge on earth (kilogram per cubic meter)
qq is specific charge on moon (kilogram per cubic meter)

Calculation of the specific charge required for burdens ranging from
0.01 to 100 meters have been calculated and shown in Table V for comparison.
Also included is a ratio of the lunar specific charge to the earth specific
charge (n).

TABLE V, SPECIFIC CHARGE CALCULATIONS FOR EFFECTIVE
FRAGMENTATION ON THE EARTH AND MOON

Burden Specific Charge (kg/m?) Ratio qy /g
(meters) Earth (q) Moon (qy) (n)
0.01 1,400 1.070 0.764
0.10 0,500 0,170 0.340
1.00 0,414 0, 081 0.196
10. 00 0.441 0.078 0.177
100, 00 0. 800 0.140 0.175
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The calculations shown in Table V indicate that the most efficient blasts
are those conducted with burdens between 1 and 10 meters on both the earth and
moon, Also it will be noted that as the burden increases, the ratio n decreases
and approaches one-sixth,

It is a well-known fact that in earth operations, the specific charge for
bench blasts varies from approximately 0. 2 kilogram per cubic meter for soft
rock to 0. 6 kilogram per cubic meter for hard rock. Assuming the same rela-
tionship for bench blasting on the earth and moon as for crater blasting, it can be
predicted that the specific charge for lunar bench blasting will vary from approx-
imately 0. 04 kilogram per cubic meter for soft material to 0. 12 kilogram per cubic
meter for hard material,

Assuming that most of the "ores'" to be mined initially will have a mass
of approximately 2, 454 kilograms per cubic meter, it will require between 16,5
grams per metric ton (0. 033 pounds per ton) mass to 49 grams per metric ton
(0. 098 pounds per ton) mass of explosive to effectively fragment and excavate
the ore,

Because of a lack of a definite cost figure for sending supplies to the moon,
Table VI has been developed to give an idea of the quantity of explosives in kilo-
grams required to produce 1 kilogram of water for various grades of 'ore."

TABLE VI, ESTIMATED AMOUNT OF EXPLOSIVES REQUIRED
TO PRODUCE WATER ON THE MOON

Grade of Ore Explosives required (kg per kg of water)
(percent) soft "ore" hard '"ore"
i 0.0017 0. 0049
5 0. 0003 0.0010
10 0. 0002 0. 0005
100 (ice) 0.00002 | = m----

From Table VI it can be concluded that the relative cost of explosives
necessary to produce water on the moon is small compared to the cost of shipping
water to the moon assuming a constant cost per pound for supplies.

If a chemical explosive or blasting "agent'' can be developed that will be

stable and safe to use in the lunar environment, it should be feasible to use ex-
plosives for fragmentation and excavation,
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In later work, the conclusions approximated in Tables V and VI will be
applied to specific explosives and to their use in selected model deposits.

RELATIVE FIRST ORDER MINING COSTS

Many items enter into the cost of a mining operation. Capital costs for ¢
buildings, installations and equipment are the principal ones before production
begins. Labor, transportation, maintenance, processing, etc., constitute the
principal post-production costs. Of the mining methods discussed in this paper,
the cost of buildings and other installations should be approximately independent
of mining method. A possible exception is the stationary engine scraper system
in which mobile equipment is simpler but installations (towers, control booth,
etc.) are more elaborate than for the other methods. The cost of both installa-
tions and equipment will consist of the original cost and cost of transportation to
the mining site on the moon, The latter cost is likely to so far overshadow
initial cost that the original cost probably can be ignored. Total cost of trans-
porting each machine will arbitrarily be charged to only 180 shifts (one year)
in determining comparative costs per shift.

After production starts, labor is likely to dwarf all the other post-
production costs listed. For example, the cost of maintenance is likely to
include 90 percent or more maintenance labor. Selection of crew members
will include one extra man and one maintenance man in addition to one operator
for each machine.

In this first order cost study we plan to ignore installation cost differ-
ences and to base estimates solely upon cost of equipment transportation from
earth at $5,000 per pound of payload [24] and cost of lunar-based labor at
$100,000 per man hour [40]. The cost of labor for an 8-hour shift thus will
be $800,000 per man.

It is recognized that factors like power consumption, differences in the
life of machines, manpower rotation schedules, cost of processing ore, con-
verting to hydrogen and oxygen, storage of products and possible profits from
by -products (iron, diamonds, useful fluids other than water, structural ma-
terials, sulphur, etc.,) will all enter into the total economic balance between
utilization of indigeneous water and the importation of water and fuels from the
earth, but this study is restricted to the two major costs of surface mining alone.
The results of the application of four mining systems and of fourteen equipment
models are shown in Table VII,
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Conclusions

If the assumptions upon which the figures in Table VII were based have
reasonable validity, and the selection of equipment models is representative,
a number of conclusions can be drawn regarding the relative cost ratios and
the influence of manpower and equipment costs on them, for both the thin and
the thick overburden deposit.

(1) The compatibility of the capacity of a machine or several machines
to the ore requirements and deposit depths is very important. If a machine or
group of machines is oversized, it will not be economic to ship; if undersized,
manpower costs go up sharply.

(2) The smaller machines (bulldozers and front-end loaders) are
generally more economical than the grossly oversized shovels and draglines
for the shallower deposit. An exception is the light No. 8 dragline which was
exceeded in economy only by two front-end loaders and one bulldozer.

(3) Of the fourteen machines selected, eight were within 20 percent
of being as economical as the leading one for the smallest deposit. The eight
include all front-end loaders, except one, and half the bulldozers. In view of
the broad assumptions made and the random choice of machine capacities, it
probably is fair to say that all eight of these machines are roughly equivalent,
Only one bulldozer, a shovel and a dragline are more than 50 percent more
costly than the most economical machine. The bulldozer is grossly undersized
and so many of them are required that manpower costs are high and the other
two machines are so grossly oversized that the cost of shipping to the moon is
excessive,

(4) Two small draglines and the smallest shovel appear among the eight
most favorable machines with ranks of fourth, seventh, and eighth, Their
rankings are attained in spite of their being considerably oversized.

(5) Fitting the fourteen machines to the deeper deposit brings some
interesting changes in order of economy, All the shovels and draglines, although
still with excess capacity, move into the top eight in rank. This is true, not
only of the small ones but also of the next size category (less than 3 cubic yards).

(6) The leading front-end loader for the small deposit dropped to tenth
place when applied to the large deposit. The larger manpower needs and the
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larger number of machines places the small machines at a disadvantage, Pro-
vision for remote control operation would lower the manpower costs but not
the need for multiple machines,

(7) The largest front-end loader ranks only fourth and the largest
bulldozer only sixth when applied to the deeper deposit.

(8) Only two additional machines come within 20 percent of the economy
of the leading small dragline and seven are more than 50 percent greater than
the costs of the smallest dragline., Both the most economical front-end loader
and bulldozer are more than 30 percent as costly. The cost spread is much
wider in these rankings than for the shallower deposit because most of the
equipment on the list is simply too small for the deeper deposit.

As a general conclusion, it appears obvious that for maximum mining
economy, the ore deposit must be carefully explored and evaluated; the product
demand must be accurately known and mining equipment of the proper type and
capacity to fit the deposit must be selected, This conclusion, which is not sur-
prising, holds true on the earth as well,

It is evident that, even for the first-order study, the present one is not
complete. Insufficient data have been obtained on scraper systems, on scraper-
loaders and on all systems involving ground fragmentation prior to digging and
loading, More work needs to be done also on power and power distribution
systems, on drilling, and on transportation of ore from mine to mill,
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